Photosynthetic oxygen evolution is an extremely heat-sensitive process and incubation of spinach Photosystem II (PSII) membranes at 40 jC for only several minutes leads to its complete inactivation. Substitution experiments of the spinach 33-kDa manganese stabilizing protein by a homologue protein, isolated either from the thermophilic cyanobacterium Phormidium laminosum, or from Escherichia coli as a recombinant thermophilic cyanobacterial protein, showed a significant increase in tolerance to heat inactivation of the oxygen-evolving activity. The results allow us to suggest that thermal inactivation of oxygen evolution in higher plant PSII membranes is due to dissociation of the 33-kDa protein as a consequence of temperature-induced conformational changes, and stabilization can be provided by substitution by a thermostable homologue whose secondary structure and binding to PSII remain unaltered at moderately high temperatures. D
Introduction
In higher plants and algae, three extrinsic proteins of 33, 23, and 17 kDa are bound to the lumenal side of the Photosystem II (PSII), while only the 33-kDa protein is present in cyanobacteria. This protein is encoded by the nuclear psbO gene [1] and is present in all oxygenic photosynthetic organisms. It stabilizes the manganese cluster [2, 3] , and provides a unique protein structural environment where the photosynthetic water splitting takes place. Its removal by various treatments [2, 4] usually releases the extrinsic 23-and 17-kDa proteins and some or all of the Mn atoms. A correlation usually exists between extraction of Mn and the 33-kDa protein, although treatment with 1 M CaCl 2 or MgCl 2 extracts the 33-, 23-and 17-kDa proteins from PSII membranes and inactivates oxygen evolution without a significant release of Mn [3, 5] . In such conditions, rebinding of the 33-kDa protein partially restores oxygen evolution [3] . Reconstitution of spinach PSII membranes with heterologous extrinsic proteins from other species, including cyanobacteria, also leads to partial restoration of oxygen evolution [6, 7] .
Oxygen evolution is one of the most heat-sensitive processes in photosynthesis [8, 9] . Differential scanning calorimetry experiments [10 -12] have shown that the first endothermic transition observed in PSII preparations correlates with the loss of oxygen evolution. Enami et al. [13] proved the involvement of the 33-kDa protein in the mechanism of heat inactivation at moderately high temperatures as immobilization of the extrinsic protein rendered the oxygen-evolving activity strongly resistant to heat and they concluded that the primary cause of heat inactivation of oxygen evolution is dissociation of the 33-kDa protein from its binding site.
The 33-kDa protein has been proposed to be either a natively unfolded [14] or a molten globule-type [15] protein. Both possible structures provide the necessary conformational flexibility to achieve optimal interaction with PSII [14, 15] . Although a thermostable protein [14] , the secondary structure of spinach extrinsic 33-kDa protein is affected by temperature [16] and conformational changes occur upon binding to the PSII reaction center [17] that are essential for oxygen evolution [18] . Additionally, conformational changes have been described to affect assembly of a mutant 33-kDa protein at certain temperatures [19] .
In the present work, we investigated the effects of the substitution of the spinach 33-kDa protein by its homologue from a thermophilic cyanobacterium in terms of heat susceptibility of oxygen evolution in PSII membranes. We used a native cyanobacterial protein and a recombinant one, and in both cases, a significant increase in tolerance to thermal inactivation was observed.
Materials and methods

Isolation of spinach PSII membranes and removal of extrinsic proteins
Highly active oxygen-evolving PSII membranes were isolated from spinach chloroplasts by the method of Berthold et al. [20] modified according to Yruela et al. [21] .
Removal of the extrinsic 23-and 17-kDa proteins was carried out by incubating PSII membranes with 1 M NaCl for 1 h in the dark in F-5 buffer containing 10 mM NaCl, 5 mM MgCl 2 , 5 mM CaCl 2 , 300 mM sorbitol, and 40 mM MES at pH 6.5 [22] .
Removal of the extrinsic 33-, 23-, and 17-kDa proteins was carried out in a similar manner in F-5 buffer containing 1 M CaCl 2 [5] . After 1-h incubation at 0 jC in the dark, samples were centrifuged at 150,000 Â g for 30 min. The pellet contained the extracted membranes. The supernatant, containing the extrinsic proteins, was centrifuged at 250,000 Â g for 30 min to eliminate any remaining particles and dialized against F-5 buffer. After centrifugation at 250,000 Â g for 30 min, the extrinsic protein extract was concentrated by centrifugation in Centricon-10 (Amicon) tubes.
Purified spinach extrinsic 33-kDa protein was obtained by two consecutive treatments of PSII membranes with 1 M NaCl (to remove the extrinsic 23-and 17-kDa proteins) and with 1 M CaCl 2 .
Reconstitution experiments
Extracted membranes were resuspended in F-5 buffer at a concentration of 0.6 mg Chl/ml and reconstituted by addition of different extracts at 0 jC in the dark for 1 h [3] .
2.3. Isolation of photosynthetic membranes and extrinsic protein from Phormidium laminosum P. laminosum thylakoid membranes were prepared according to Aured [23] and the extrinsic 34-kDa protein (the homologue of the 33-kDa protein of higher plants) was extracted by incubation with 0.8 M Tris/HCl, pH 8.4 for 1 h at 0 jC in the dark. After centrifugation at 300,000 Â g for 90 min, the supernatant was dialized against F-5 buffer and concentrated in Centricon-10 (Amicon) tubes.
Activity measurements
Oxygen evolution activity was measured with a Clarktype electrode in the presence of 0.5 mM 2,6-dichlorobenzoquinone as artificial electron acceptor as described by Yruela et al. [24] . Experimental values represent the mean of at least three different measurements.
Thermal inactivation of the samples was performed by incubation in a thermostatic water bath at 40 jC. Aliquots were removed at different times and oxygen evolution activity was measured immediately.
Chemical cross-linking
Chemical cross-linking with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) was performed according to Enami et al. [25] , EDC being added to a final concentration of 1% (w/v).
Protein analysis
SDS-PAGE was performed to visualize the purified extrinsic proteins according to Laemmli [26] in 15% acrylamide gels containing 6 M urea.
Synechococcus elongatus recombinant 34-kDa protein
To obtain a recombinant extrinsic 34-kDa protein from the thermophilic cyanobacterium S. elongatus, a 758-bp PCR product was prepared from plasmid pBSMP7 (a kind gift of Dr. Masahiko Hirano, Torray Research Center, Kamakura, Japan) using primers 5V -ATTGCCATCGCAAAACA-GACTTTAACC-3V and 5V -ACTTGGATCCTAGGCA-GGTTCGATGC-3Vto create an NcoI site and a BamHI site in front of and behind the S. elongatus psbO gene coding sequence [27] , respectively. This PCR product was cloned into the NcoI/BamHI sites of expression vector pTrc99A [28] . Escherichia coli cells expressing the recombinant protein were sonicated and centrifuged at 15,000 Â g for 20 min. The supernatant containing the thermostable extrinsic protein was heated at 65 jC for 15 min and centrifuged at 15,000 Â g for 20 min. The resultant supernatant was dialized against F-5 buffer and used in reconstitution experiments.
Results
Treatment of spinach PSII membranes with 1 M CaCl 2 removed the extrinsic 33-, 23-and 17-kDa proteins concomitant with inactivation of oxygen evolution as shown previously by Ono and Inoue [3] . Subsequent treatment with 1 M NaCl and 1 M CaCl 2 yielded an extract containing the extrinsic 33-kDa protein basically pure (Fig. 1B) [3] , and it has been reported that the presence of 5 mM CaCl 2 in the reconstitution medium can substitute for the 23-and 17-kDa proteins [29] . Incomplete recovery of control activity may be due to Mn loss [30] or to an irreversible alteration in electron transfer kinetics on the acceptor side of PSII [31] . Although higher values for activity recovery after reconstitution (up to 80 -85%) have been reported [7, 19, 32, 33] , when those percentage values are referred to the activity of unwashed membranes and the residual activity after extraction is subtracted, the actual increase in activity after reconstitution is comparable to the values reported here and elsewhere [3, 34] .
In the presence of 5 mM CaCl 2 , the extrinsic 34-kDa protein from the thermophilic cyanobacterium P. laminosum restored the oxygen evolution activity of CaCl 2 -washed spinach membranes to similar levels to those obtained with the spinach extrinsic 33-kDa protein (Fig. 1A) . As mentioned above, cyanobacterial PSII membranes contain one extrinsic 34-kDa protein which corresponds to the 33-kDa protein in higher plants PSII, but lack the 23-and 17-kDa extrinsic proteins present in higher plants PSII membranes. As indicated, the presence of CaCl 2 can substitute for the two smaller extrinsic proteins and explains similar levels of reconstitution as it has previously been shown in reconstitution experiments with Synechococcus vulcanus extrinsic 34-kDa protein [6] .
However, as shown in Fig. 1B , the P. laminosum 34-kDa protein extract contains high amounts of other proteins, mostly phycobilyproteins that might account for some of the activity recovery. Addition of an inert protein such as bovine seroalbumin did not result in any activity reconstitution, neither by itself nor when supplemented to the extrinsic protein extracts (not shown).
Oxygen evolution in spinach PSII membranes is highly heat sensitive. Incubation at moderate temperatures (40 -50 jC) led to complete inactivation in 5 -10 min (Fig. 2A) . Very similar activity percentage losses were observed when CaCl 2 -washed membranes were reconstituted with the extrinsic 33-kDa protein from spinach and subjected to heat incubation (Fig. 2B) .
Immobilization of the extrinsic proteins by treatment of PSII membranes with the zero-length cross-linker EDC, led to stabilization of the oxygen evolution activity when subjected to heat treatment (Fig. 3) . This stabilization has been shown to be due mainly to immobilization of the 33-kDa protein, and heat inactivation is directly related to release of the extrinsic 33-kDa protein but not Mn [13] . Fig. 4 shows that the CaCl 2 -washed spinach membranes reconstituted with the extrinsic 34-kDa protein from the thermophilic cyanobacterium P. laminosum resulted strongly resistant to heat in terms of oxygen-evolving activity, as compared to membranes reconstituted with the extrinsic 33-kDa protein from spinach. After 15 min incubation at 40 jC, membranes reconstituted with the cyanobacterial extrinsic protein retained over 40% of the initial oxygen-evolving activity, while control intact membranes and membranes reconstituted with the spinach protein were fully inactive after only 5 min incubation at this temperature. As indicated above, the extract containing the extrinsic 34-kDa cyanobacterial protein also contained notable amounts of other proteins and the possibility remained that some of those could contribute to the increased thermal stability of the PSII membranes. To verify that the effect was solely due to the 34-kDa protein, we expressed in E. coli the extrinsic 34-kDa protein from another thermophilic cyanobacterium, S. elongatus, and partially purified it by incubation at 65 jC, taking advantage of its thermostable nature.
The recombinant extrinsic 34-kDa protein restored similar levels of oxygen evolution in reconstitution experiments, comparable to those obtained with the extracts containing the extrinsic protein from spinach or P. laminosum (Fig. 5 ). An extract of E. coli incubated in a similar manner, but lacking the recombinant extrinsic protein, failed to provide any activity restoration (not shown).
Incubation of PSII membranes reconstituted with the recombinant protein showed a stabilization of oxygen evolution as compared to intact membranes or to membranes reconstituted with the spinach protein, preserving over 30% of the initial activity after 15 min incubation at 40 jC (Fig.  6 ). This result confirms that substitution of spinach PSII extrinsic 33-kDa protein by its homologue from a thermophilic cyanobacterium leads to increased tolerance to thermal inactivation of oxygen evolution in spinach PSII membranes. 
Discussion
A good correlation between inactivation of oxygen evolution at moderately high temperatures and release of the extrinsic 33-kDa protein has been evidenced in the presence of 50 mM CaCl 2 , that abolishes rebinding of the 33-kDa protein [13] . Heat inactivation of oxygen evolution had previously been related to release of Mn [35] and not to release of the 33-kDa protein [36] . This conclusion was based on the lack of a direct correlation between loss of the activity and release of the protein, as a consequence of the rebinding of the protein when the temperature is lowered with an incomplete restoration of the activity [3] . On the other hand, immobilization of the 33-kDa protein by chemical cross-linking with EDC leads to stabilization of oxygen evolution against heat inactivation as evidenced here and in previous works [13] .
It has been reported that the secondary structure of the manganese stabilizing protein undergoes conformational changes upon binding to PSII [14, 17, 37] , including an increase in h-sheet [17] . It has been proposed that the binding and stabilizing of the manganese cluster is possible through electrostatic interactions between charged amino acids [34,37 -40] . The spinach 33-kDa protein is a thermostable protein [14] , and heat inactivation of oxygen evolution cannot be due to denaturation of the protein at a moderately high temperature (40 jC). However, conformational changes can occur at such temperature and temperature-induced conformational changes have been described to affect binding of a mutant 33-kDa protein to PSII [19] .
Differential scanning calorimetry of PSII preparations has shown several endothermic transitions [10 -12] . The first of those transitions which occurs in the 38-50 jC region, can be correlated with the release of manganese from the membrane, the loss of oxygen evolution and a change in the redox potential of cytochrome b-559. Removal of the extrinsic proteins also leads to oxidation of cytochrome b-559, a fact that may suggest that release of the 33-kDa protein also takes place in the first endothermic transition and might constitute the first step in heat inactivation of oxygen evolution.
Circular dicroism (CD) spectra in the far UV region provide information about the secondary structure of a protein. CD spectra recorded at different temperatures indicated that the spinach extrinsic 33-kDa protein was appreciably affected at 50 jC [16] and it can be suggested that such temperature-induced conformational changes can affect the binding of the protein to PSII. By contrast, the secondary structure of the extrinsic protein from the thermophilic cyanobacterium S. elongatus remained unaltered at temperatures up to 70 jC [16] , a fact confirmed by FT-IR spectroscopy [44] . Such evidence allows us to hypothesize that substitution of the spinach protein by the cyanobacterial protein could lead to stabilization of the oxygen evolution activity as no dissociation would be expected due to temperature-induced conformational changes.
In cyanobacteria, an extrinsic 34-kDa protein stabilizes the manganese cluster, in a similar manner to the higher plants 33-kDa protein, and it can restore oxygen evolution when added to CaCl 2 -washed spinach PSII membranes [6] . The cyanobacterial protein, however, is not essential for oxygen evolution [42, 43] . The extrinsic 17-and 23-kDa protein of the PSII complex of higher plants are not found in cyanobateria [44, 45] . Instead, two other proteins, PsbU and cytochrome c 550 , are present in cyanobacteria but not in higher plants. The similarities in binding and properties of these cyanobacterial proteins and those of higher plants may imply an evolutionary connection among the extrinsic proteins of the PSII complex [45] . However, both cyanobacterial proteins, PsbU and cytochrome c 550 , have been described to be involved in the stabilization of oxygen evolution against heat inactivation [46 -48] , a role not shown for the higher plant extrinsic 17-and 23-kDa proteins.
Our reconstitution experiments with the 34-kDa protein from P. laminosum showed an increased tolerance of spinach PSII membranes to thermal inactivation; however, the extract used in the reconstitution experiments contained an important amount of other proteins, which could include PsbU and/or cytochrome c 550 and could contribute to the stabilization of oxygen evolution. This fact did not allow us to ascribe the stabilization effect solely to the thermostable extrinsic 34-kDa protein. The 34-kDa protein from cyanobacteria, including S. elongatus, had been expressed in E. coli, and the recombinant protein was identical to the native one [41, 49] . Additionally, a recombinant Arabidopsis 33-kDa protein had been shown to restore oxygen evolution in reconstituted spinach PSII membranes [7] . Our reconstitution experiments with the recombinant S. elongatus protein, in the absence of any other cyanobacterial proteins, restored oxygen evolution and rendered the PSII membranes more resistant to heat inactivation at 40 jC. This result suggests that thermal inactivation of oxygen evolution in higher plant PSII membranes is due to dissociation of the 33-kDa protein as a consequence of a temperature-induced conformational change, and stabilization against heat inactivation can be achieved by substitution with a thermostable homologue whose secondary structure remains unaltered at moderately high temperatures.
